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The cellular receptor of foamy viruses (FVs) is unknown. The broad spectrum of permissive cells suggests that the cellular recep-
tor is a molecular structure with almost ubiquitous prevalence. Here, we investigated the ability of heparan sulfate (HS), a gly-
cosaminoglycan (GAG) present on the extracellular matrix of many cells, to bind FV particles and to permit prototype FV (PFV)
and feline FV (FFV) entry. Permissivity of different cell lines for FV entry correlated with the amount of heparan sulfate present
on the cell surface. The resulting 50% cell culture infectious doses (CCID50s) were distributed over a range of 4 logs, which
means that the most susceptible cell line tested (HT1080) was more than 10,000 times more susceptible for PFV infection than
the least susceptible cell line (CRL-2242). HS surface expression varied over a range of 2 logs. HS expression and FV susceptibil-
ity were positively correlated (P < 0.001). Enzymatic digestion of heparan sulfate on HT1080 cells diminished permissivity for
PFV entry by a factor of at least 500. Using fast protein liquid chromatography (FPLC), we demonstrated binding of FV vector
particles to a gel filtration column packed with heparin, a molecule structurally related to heparan sulfate, allowing for the puri-
fication of infectious particles. Both PFV and FFV infection were inhibited by soluble heparin. Our results show that FVs bind to
HS and that this interaction is a pivotal step for viral entry, suggesting that HS is a cellular attachment factor for FVs.

Foamy viruses (FVs) represent the only genus of the retroviral
subfamily of Spumaretrovirinae. They are named after a cyto-

pathic effect (CPE) characterized by the formation of multinucle-
ated giant cells and a foamy appearance that they induce in adher-
ent cell culture. However, in contrast to this in vitro feature, FV
infections in vivo are not associated with any known pathology.
Different FV species have been isolated so far, including simian
foamy viruses (SFVs), bovine foamy viruses (BFVs), equine foamy
virus (EFV), and feline foamy viruses (FFVs) (34, 37). FVs are not
endemic in humans, but zoonotic transmission from monkeys to
humans has been described elsewhere (3, 5, 6, 16, 18, 44, 45, 48).
The best-studied foamy virus isolate is the prototype FV (PFV),
which was obtained from an infected Kenyan individual who
probably became infected by transspecies infection with SFV (1).

The cellular receptor (or receptors) that permits FV infection is
unknown for any of the FV species. The broad tropism of FVs (25)
suggests that ubiquitous membrane-bound macromolecules
rather than species- or tissue-specific proteins are likely candi-
dates for cellular receptors that mediate viral attachment or entry.
We have previously reported that cell lines with a defect in gluco-
saminoglycan (GAG) synthesis are less susceptible for PFV infec-
tion, indicating that the presence of GAGs may favor PFV infec-
tion (41).

One prominent GAG is heparan sulfate (HS), a ubiquitous,
highly negatively charged polysaccharide of the extracellular ma-
trix that is involved in many biological processes, including angio-
genesis, embryonic development, and tissue repair (4, 19, 23). HS
is bound as a proteoglycan together with transmembrane or mem-
brane-anchored proteins, forming the heparan sulfate proteogly-
can (HSPG).

The highly negatively charged extracellular environment has
selected HS-binding proteins for many viruses in order to be able
to reach the cell membrane for viral entry. A review by Liu and
Thorp lists 16 animal and human viruses that use HS as a receptor
for attachment or entry (24), including human T-cell leukemia
virus (HTLV) (20, 31, 46), HIV (11, 26, 29, 38, 50), herpes simplex

virus (49), cytomegalovirus (9), dengue virus (8), adeno-associ-
ated virus type 2 (43), and respiratory syncytial virus (14).

In this study, we hypothesized that HS plays a role in FV at-
tachment. We studied the binding of PFV to heparin by fast pro-
tein liquid chromatography (FPLC) and analyzed the role of HS in
cellular infection. We then extended our studies to an FFV isolate
in order to generalize our findings to other FV species.

MATERIALS AND METHODS
Cell lines and primary cells. The following cells were cultivated in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum (FCS): HT1080 (human fibrosarcoma cells, American Type
Culture Collection [ATCC] CCL-121), BHK-21 (baby hamster kidney
cells, ATCC CCL-10), CRFK (Crandell-Reese feline kidney cells, ATCC
CCL-94), COS-7 (green monkey kidney fibroblast cells, ATCC CCL-
1651), HepG2 cells (human hepatocellular carcinoma cells, ATCC HB-
8065), MRC-5 (human lung fibroblastoma cells, ATCC CCL-171), SK-N-SH
(human neuroblastoma cells, ATCC HTB-11), Sog9 cells (mouse fibro-
blasts, defect in initiation of GAG assembly so that no surface HS is being
produced [2]), and Mouse L (mouse fibroblasts [2]). CHO-K1 (Chinese
hamster ovary cells, ATCC PTA-6812) and CRL-2242 (a CHO subclone,
deficient in xylosyltransferase I, so that no surface GAGs are being
produced [21]; ATCC CRL-2242) cells were cultured in F-12K me-
dium supplemented with 10% FCS. HEK-293T (human embryonic
kidney cells, ATCC CRL-11268) cells were cultured in minimal essen-
tial medium (MEM), supplemented with 10% FCS. hMSC-Tert cells
(telomerase-immortalized human mesenchymal stem cell line) were
cultured in MEM with Earle’s salts supplemented with 10% FCS.

FV molecular clones. In this study, we used the replication-incompe-
tent PFV clone MD9 as previously described (17, 40). MD9 encodes an
enhanced green fluorescent protein (EGFP) expression cassette. The PFV
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sequences, including the env gene, are based on the infectious PFV mo-
lecular clone pPFV2 (39), which is, except for the long terminal repeat
(LTR) regions, identical with its parental clone pHSRV1 (35). The env
gene of pPFV-2 was derived from human embryonic lung (HEL) cells
infected with PFV (15). The replication-competent FFV molecular clone
pChatul-3 originated from FFV serially passaged on CRFK cells (36).

PFV vector packaging. HEK-293T cells (6 � 106) (13) were seeded
into 10-cm dishes. After 24 h, cells were transfected using a polyethyleni-
mine transfection reagent (Polyscience). The transfection mix contained
6 �g of DNA of a 4-plasmid FV vector system (17, 40), consisting of 1.5 �g
of the PFV vector plasmid pMD9 and 1.5 �g of each of the three packaging
plasmids pcoPG4, pcoPP, and pcoPE, encoding the PFV envelope protein
(27, 41). One day after transfection, cellular transcription was boosted by
the addition of 10 mM sodium butyrate for 8 h. After 2 days, the super-
natant was harvested and passed through an 0.45-�m filter (Millipore) to
remove floating cells and cellular debris. The virus suspension was kept
frozen at �80°C in aliquots until use.

Determination of the CCID50. Cells were seeded for 24 h in tissue
culture plates before infection with a dilution series of a PFV (MD9)
vector preparation. In experiments in which susceptibilities of different
cells were compared, aliquots of the same vector preparation were used in
order to perform the experiments with identical vector concentrations. In
experiments with heparinase treatment, cells were treated with heparinase
I or heparinase III (40 U/ml and 5 U/ml, respectively; both from Sigma-
Aldrich) at 37°C for 1 h before PFV infection. Cells were incubated with
vector preparations for 1 h at 37°C, and then excess vector was washed
away. To control for possible protease contamination of the heparinase III
used, cells were treated in the presence or absence of a protease inhibitor
cocktail (Sigma-Aldrich; 1:100 dilution as recommended by the manufac-
turer). Cells were analyzed 24 h after infection for EGFP expression by
flow cytometry. Applying a nonlinear regression analysis (sigmoidal dose-
response curve) using GraphPad Prism software (version 4.0c for Macin-
tosh), the 50% cell culture infectious dose (CCID50), corresponding to the
dilution at which half-maximal infection was visible, was determined.

FPLC. PFV vector suspension was purified using an Äkta Explorer10
FPLC machine with UV detection at 280 nm (GE Healthcare) and a Poros
50-�m HE heparin column (Life Technologies). As a control, a Poros-OH
50-�m column (Life Technologies) with no bound ligand attached to the
Poros carrier material was used. The columns were equilibrated with 20
mM sodium phosphate buffer (1 M NaCl in 20 mM sodium phosphate
buffer, pH 7). After injection of 1 ml of PFV-containing cell culture su-
pernatant at a flow rate of 3 ml/min, the column was washed by increasing
the NaCl concentration to 300 mM. For elution of PFV, 500 mM NaCl was
applied. Fractions were collected and analyzed for PFV infectivity by
transduction experiments.

Flow cytometry. For detection of HS and CD138 expression, cells
were detached from their culture dishes with EDTA–phosphate-buffered
saline (PBS). For HS staining, cells were incubated with the anti-HS
mouse antibody F58-10E4 (Seikagaku America) or with a mouse IgM
isotype control antibody (BD Biosciences), followed by incubation with a
secondary rat antibody anti-mouse IgM labeled with phycoerythrin (PE)
(BD Biosciences). For CD138 staining, cells were incubated with a PE-
labeled anti-CD138 antibody (BD Biosciences) or a PE-labeled isotype
control antibody (BD Biosciences). For detection of FFV Gag, cells were
fixed with 4% formalin, permeabilized with 0.5% saponin in PBS, and
incubated with a rabbit anti-Gag antibody (36) followed by incubation
with a fluorescein isothiocyanate (FITC)-coupled goat anti-rabbit anti-
body (BD Pharmingen). For detection of EGFP expression, cells were
left unstained. Cells were fixed with 2% formalin and analyzed using a
FACSCalibur flow cytometer (BD Biosciences, Germany). Cell debris was
excluded from analysis by forward scatter (FSC)-side scatter (SSC) gating.
EGFP expression was detected in the FL1 channel. Quadrants were set
according to autofluorescence detected in untransduced cells (for detec-
tion of EGFP) or in cells stained with the isotype control antibody (for

detection of HS). Flow cytometry data were analyzed using FlowJo soft-
ware (Tree Star Inc., OR).

RESULTS
PFV binds to heparin column in FPLC. We generated replica-
tion-incompetent foamy virus vector particles (MD9, described in
reference 17) expressing EGFP as a reporter gene. Virus particles
were pseudotyped with the envelope protein from PFV. Virus-
containing cell culture supernatants were loaded onto a Poros
50HE (heparin) FPLC column. As depicted in Fig. 1, FV particles
bound to the column and were eluted with 500 mM NaCl. Frac-
tions of the elution peak, but not from previous wash steps with
300 mM NaCl (data not shown), contained infectious particles as
demonstrated by subsequent transduction of HT1080 cell cul-
tures. Figure 1B depicts representative fluorescence microscopic
pictures of cell cultures transduced with selected FPLC fractions,
and Fig. 1C displays flow cytometric analysis of EGFP expression
of transduced HT1080 cell cultures. Titration experiments of PFV
vector suspensions before and after FPLC showed that FPLC did
not reduce the number of infectious particles (data not shown). In
a control experiment, we used an FPLC column packed with the
carrier material Poros alone (i.e., without the heparin ligand) and
found no binding of foamy virus particles to the column (Fig. 2),
demonstrating that the interaction described in Fig. 1 was specific
for binding of PFV to heparin. These results demonstrate that
heparin-containing columns can be used for affinity purification
of PFV or PFV vectors.

Heparin inhibits PFV and FFV infection. Binding of PFV to
the 50HE column suggests that heparin-like molecules may also
play a role in viral attachment or entry. If membrane-bound hep-
arin-like molecules play a role in cellular attachment of PFV, sol-
uble heparin should interact with the virus and inhibit the infec-
tion. We therefore performed transduction experiments in the
presence of a serial dilution of soluble heparin. As depicted in Fig.
3A, heparin inhibited PFV transduction of HT1080 cells with a
50% effective concentration (EC50) of 29.81 �g/ml. Similarly,
heparin inhibited FFV infection with an EC50 of 16.71 �g/ml (Fig.
3B). These results support the idea that heparin-like structures
play a role in FV infection.

HS-deficient cells show reduced susceptibility. The structure
most closely related to heparin that is present on the cell surface is
heparan sulfate (HS). In order to investigate whether cellular HS
plays a role in susceptibility to FV infection, we performed trans-
duction experiments with Mouse L cells and their HS-deficient
subclone Sog9 (2). Flow cytometric analysis of the Sog9 cells with
anti-HS antibodies demonstrated a total lack of HS expression on
Sog9 cells, whereas the parental clone Mouse L exhibited HS on
the cell surface (Fig. 4A and B). We infected both cell clones with
a dilution series of the same replication-incompetent vector prep-
aration and determined the concentration at which 50% of the
cells became infected (CCID50). As depicted in Fig. 4C, Sog9 cells
were much less susceptible to PFV infection (CCID50, 0.1546)
than were Mouse L cells (CCID50, 0.0036), corresponding to a
43-fold-lower susceptibility.

Susceptibility correlates with HS surface expression. In order
to analyze whether HS determines PFV susceptibility also in other
cell types, we quantified HS expression of different cell lines (Fig.
5B) and correlated the amount of surface HS with the susceptibil-
ity to FV infection (Fig. 5A). We determined the CCID50 of each
cell line by a dilution series similar to the experiments depicted in
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Fig. 3. The resulting CCID50s were distributed over a range of 4
logs, which means that the most susceptible cell line in the exper-
iment was more than 10,000 times more susceptible to PFV infec-
tion than the least susceptible cell line (Fig. 5A). HS surface ex-
pression (medians) varied over a range of 2 logs. HS expression
and FV susceptibility were positively correlated (P � 0.001).

In contrast to HS expression, syndecan 1 expression (CD138, a

heparan sulfate proteoglycan) negatively correlated with FV sus-
ceptibility (Fig. 5C), indicating that HS responsible for FV entry
does not require the presence of this particular proteoglycan. In
fact, the amounts of cell surface HS and CD138 show a negative
correlation for the tested cell lines (Fig. 5D). This analysis was
restricted to cell lines of human origin due to the species reactivity
of the anti-CD138 antibody used.

FIG 1 PFV binds to heparin. Replication-incompetent PFV encoding an EGFP expression cassette was loaded on an FPLC column packed with Poros-heparin.
The column was washed with 20 mM sodium phosphate buffer, pH 7.0, and the column was eluted with 500 mM NaCl, pH 7.0. FPLC fractions were tested for
infectivity by transduction of HT1080 cells. The proportion of transduced cells was visualized by fluorescence microscopy and quantified by flow cytometry
detecting EGFP fluorescence. (A) FPLC chromatogram displaying the affinity purification of PFV particles. The blue line represents absorbance at 280 nm
detecting protein. The yellow line represents the applied NaCl gradient, and the brown line represents the corresponding conductivity. The x axis displays the
fractions collected. (B) Fluorescence microscopy of HT1080 cells incubated with the indicated fractions. (C) Flow cytometric quantification of EGFP-expressing
cells of HT1080 cultures transduced with the collected FPLC fractions.
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Enzymatic degradation of surface HS reduces permissivity.
In order to exclude any cell-type-specific effects independent of
HS expression that could bias the previous experiments, we enzy-
matically digested surface HS and compared the susceptibility of
the HS-stripped cells to that of nondigested cells. Treatment of
HT1080 cells with heparinase I (Fig. 6A) or III (Fig. 6B) reduced
susceptibility by a factor of 530 (heparinase I) or higher (hepari-
nase III; the exact CCID50 of cells treated with heparinase III could
not be determined as we were not able to generate a transduction
rate of �50% in these experiments), demonstrating that HS is a

cellular factor involved in PFV infection. To exclude the pos-
sibility that the observed effects might have been caused by a
potential protease contamination of the heparinases used, we
performed additional experiments in the presence of a broad-
range protease inhibitor cocktail and found no differences in
inhibition of foamy viral transduction (data not shown). As
depicted in Fig. 6C, heparinase III treatment markedly reduced
heparan sulfate expression on the cells (upper panel) but had
no effect on extracellular protein expression (CD138). No dif-
ferences were seen in the presence or absence of protease in-

FIG 2 PFV does not bind to Poros carrier. The experiment was performed as described in the legend to Fig. 1. Instead of using a Poros-heparin column, a column
packed with Poros alone was used. (A) FPLC chromatogram. (B) Fluorescence microscopy of HT1080 cells incubated with the indicated FPLC fractions indicated
below. (C) Flow cytometric quantification of EGFP-expressing cells of HT1080 cultures transduced with the collected FPLC fractions.
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hibitors, indicating that the heparinase used was indeed free of
contaminating protease activity.

DISCUSSION
Attachment factor or entry receptor? For many viruses, two dif-
ferent groups of receptor functions have been described: (i) at-
tachment factors that bind the virus to the cell surface and en-
hance susceptibility but do not trigger viral entry and (ii) entry
receptors that trigger a mandatory conformational change in viral
entry proteins and whose presence determines whether a cell is
susceptible or not. Here, we have shown that FVs bind to HS and
that the amount of HS on the cell surface positively correlates with
susceptibility. A total lack of HS, however, does not completely
abolish FV infection. We therefore suggest that HS is an attach-
ment factor for FVs rather than an entry receptor.

Enveloped viruses enter their target cells by fusion of the viral
and cellular membranes, triggered by a conformational change of
their envelope proteins (12). Depending on the trigger of this
conformational change, pH-dependent and pH-independent
mechanisms can be distinguished. A pH-independent conforma-
tional change usually results following binding of the virus to a
cellular entry receptor. A prominent example for this is HIV (7),
but similar mechanisms have been described for other viruses
such as paramyxoviruses (32). In contrast, other viruses show a
pH-dependent conformational change of their fusion proteins,

which is usually being triggered by acidification within the endo-
some (12). One well-understood example is influenza virus,
which binds to the attachment receptor sialic acid (SA) through its
envelope protein hemagglutinin (HA) (10). After endosomal up-
take and acidification, influenza virus HA undergoes the necessary
conformational change to penetrate the endosomal membrane
and to trigger membrane fusion (10). Note that the crucial con-
formational change of influenza virus HA is not triggered by re-
ceptor binding but by a change in the pH. In experiments with
artificial lipid bilayers, pH-activated HA has been shown to be
sufficient to initiate membrane fusion (22). Therefore, influenza
viruses do not require entry receptors for membrane fusion but
only an attachment factor (SA) in combination with a pH change.

We have previously shown that PFV entry also is dependent on

FIG 3 Heparin inhibits PFV and FFV infection. HT1080 cells were incubated
with replication-incompetent PFV (MD9) or replication-competent FFV
(Chatul-3) in the presence of different concentrations of heparin (He), a GAG
closely related to HS. Virus-infected cells were monitored by EGFP expression
(MD9) or by immunostaining for FV Gag (FFV) after 24 h by flow cytometry.
Using a sigmoidal curve function, the EC50 (the concentration at which the
half-maximal inhibitory effect was visible) of heparin was determined by non-
linear regression. (A) HT1080 cells transduced with PFV. (B) HT1080 cells
infected with FFV. For both panels, data represent means � standard devia-
tions from triplicates.

FIG 4 Cells that lack HS are less susceptible to PFV infection. Mouse L cells
and their HS-deficient subclone Sog9 were incubated with a dilution series of
the same FV vector suspension, and transduction rate was determined by flow
cytometry detecting EGFP expression. (A and B) Flow cytometric determina-
tion of surface HS expression. Green line, cells stained with anti-HS antibody;
blue line, cells stained with isotype control antibody. (A) Mouse L cells. (B)
Sog9 cells. (C) Mouse L and Sog9 cells were incubated with a dilution series of
the same vector preparation. EGFP-positive cells were determined after 24 h by
flow cytometry. Using a sigmoidal curve function, CCID50 (the vector dilution
at which the half-maximal transduction rate was visible) was determined by
nonlinear regression.
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a pH change (30). From what is known for influenza virus entry, it
seems plausible that the combination of mere attachment factors
and a pH change may also be sufficient for PFV entry. In this
scenario, we have identified HS as a major attachment factor in-
volved in PFV infection. Consistent with this, several classes of
HSPGs—such as syndecans—are true endocytic receptors that
mediate internalization of their ligands into acid endosomes (47),
so that HSPG binding would be sufficient to allow viral entry of
viruses with pH-dependent fusion proteins.

For some viruses, both pH-dependent (i.e., entry receptor-in-
dependent) and pH-independent (i.e., entry receptor-dependent)

fusion mechanisms have been described (33). In this regard, our
results do not exclude the existence of true entry receptors for FVs.
Neither can we exclude that one of these hypothetical FV entry
receptors is HS, as we have no data on potential conformational
changes of FV Env upon binding to HS that would be sufficient to
trigger membrane fusion.

Is HS the only attachment factor for FVs? While the manu-
script was under review, Nasimuzzaman and Persons indepen-
dently published that heparan sulfate is a receptor molecule for FV
entry (28). Their results are in line with our findings with regard to
the important role of HS in foamy virus cell entry. However, using

FIG 5 The amount of cell surface HS correlates with susceptibility to PFV infection. Relative surface HS expression of different cell lines (CRL-2242, HepG2,
293T, BHK, CRFK-LL, SK-N-SH, MRC, human mesenchymal stem cell line MSC-Tert, COS-7, CHO-K1, HT1080) was determined by the shift of mean
fluorescence of cells stained with anti-HS antibody versus cells stained with isotype control antibody. The different cells were incubated with a dilution series of
the same vector preparation. EGFP-positive cells were determined after 24 h by flow cytometry. Using a sigmoidal curve function, CCID50 was determined by
nonlinear regression. (A) Correlation of relative HS surface expression versus cell-specific CCID50. Data represent means � standard deviations from triplicates.
(B) Histograms of HS expression of the cells from flow cytometric analysis. Cells were stained with anti-HS antibody (blue line) or an isotype-matched control antibody
(red line). Numbers indicate geometric mean fluorescence intensity of cells stained with anti-HS (blue numbers) and isotype control (red numbers). (C) Correlation of
relative CD138 (syndecan 1) surface expression with cell-specific CCID50. (D) Correlation of surface expression of HS with CD138 (syndecan 1).
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serial dilution series of the virus preparations, we were also able to
quantify the effects of HS surface expression of foamy viral sus-
ceptibility, showing residual FV transduction also in cells that to-
tally lack HS expression, as well as in cells on which HS has been
enzymatically removed. We therefore suggest that other attach-
ment factors/receptors may exist that can be used by FVs, alterna-
tively or in addition to HS. However, residual infection despite the
absence of the identified receptor molecule has also been observed
with influenza virus (42). It may therefore well be that membrane-
coated viruses whose fusion proteins become activated by a pH
change do not absolutely require the presence of attachment re-
ceptors for infection and that both SA and HS are indeed the only
attachment factors for these two viruses. In an attempt to identify
additional cellular molecules involved in FV entry, we screened
the activity of other cellular matrix molecules, such as chondroitin
sulfate A, B, and C; hyaluronic acid; keratan sulfate; and N-acetyl-
neuraminic acid. None of these diminished FV transduction when
added in soluble form to FV preparations before infection (data
not shown).

Taken together, our study shows that HS is an attachment fac-
tor involved in FV entry and that cellular HS expression positively
correlates with cellular susceptibility to FV infection, suggesting
that HS is a key factor involved in FV cell entry.
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